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(57) ABSTRACT

The present invention provides a successive approximation
register analog-to-digital converter (SAR ADC), where a high
bit capacitor of the SAR ADC is composed of a plurality of
sub-capacitors, and these sub-capacitors are calibrated when
the SAR ADC is working. Therefore, the working speed of
the SAR ADC will not be influenced. In addition, a capaci-
tance of each sub-capacitor is lower than a redundant capaci-
tance of the SAR ADC, therefore, input signals of the SAR
ADC are allowed to have full swing.
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Provide a SAR ADC including a first bit capacitor array and a
second bit capacitor array, where the first bit capacitor array 1s
arranged to receive a first input signal, where the first bit capacitor
array includes a plurality of first bit capacitors, and at least one of
high first bit capacitors 13 composed of a plurality of
sub-capacitors, and each sub-capacitor 1s selectively connected to a

first reference signal, a second reference signal or a common L 700
voltage via its corresponding switch; and the second bit capacitor
array 18 arranged to receive a second input signal, where the second
bit capacitor array includes a plurality of second bit capacitors, and
at least one of high second bit capacitors 1s composed of a plurality
of sub-capacitors, and each sub-capacitor 1s selectively connected
to the first reference signal, the second reference signal or the
common voltage via its corresponding switch

Compare outputs of the first bit capacitor
array and the second bit capacitor array to ~702
generate a comparison signal

Determine weight values of the first bit
capacitors or the second bit capacitors ~—704
according to the comparison signal

Generate a digital output of the SAR ADC
according to the comparison signal and the ~ [~706
determined weight values

FIG. 7
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SUCCESSIVE APPROXIMATION REGISTER
ANALOG-TO-DIGITAL CONVERTER AND
ASSOCIATED CONTROL METHOD

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a successive approxima-
tion register analog-to-digital converter (SAR ADC), and
more particularly, to a SAR ADC and associated control
method that can perform background calibration.

2. Description of the Prior Art

In a SAR ADC, a capacitance of each bit capacitor of a bit
capacitor array may be different from its designed value due
to semiconductor process variation, environment temperature
variation or asymmetry/mismatch issue, therefore, errors
may occur in digital outputs, and the linearity of the SAR
ADC is worsened. To solve this problem, the bit capacitors
needs to be calibrated, however, the conventional calibration
methods generally have some problems such as influencing a
working speed of the SAR ADC or limiting a swing of an
input signal to avoid exceeding an encoding range of the SAR
ADC...etc., causing inconvenience and trouble to a designer
and operation errors.

SUMMARY OF THE INVENTION

It is therefore an objective of the present invention to pro-
vide a SAR ADC and associated control method, which
executes a complete background calibration upon the bit
capacitors of the SAR ADC without influencing the working
speed of the SAR ADC. In addition, the SAR ADC of the
present invention does not need to limit the swing of the input
signal, that is a full swing input signal is allowed to increase
the voltage range to be processed.

According to one embodiment of the present invention, a
SAR ADC includes a first bit capacitor array, a second bit
capacitor array, a comparator and a processing circuit. The
first bit capacitor array is arranged to receive a first input
signal, where the first bit capacitor array includes a plurality
of first bit capacitors, and at least one of high first bit capaci-
tors is composed of a plurality of sub-capacitors, and each
sub-capacitor is selectively connected to a first reference volt-
age, a second reference voltage or a common voltage via its
corresponding switch. The second bit capacitor array is
arranged to receive a second input signal, where the second
bit capacitor array includes a plurality of second bit capaci-
tors, and at least one of high second bit capacitors is com-
posed of a plurality of sub-capacitors, and each sub-capacitor
is selectively connected to the first reference voltage, the
second reference voltage or the common voltage via its cor-
responding switch. The comparator is coupled to the first bit
capacitor array and the second bit capacitor array, and is
arranged to compare outputs of the first bit capacitor array and
the second bit capacitor array to generate a comparison sig-
nal. The processing circuit is coupled to the comparator, and
is arranged to control capacitor-switching operations of the
first bit capacitor array and the second bit capacitor array to
generate a digital output of the SAR ADC.

According to another embodiment of the present invention,
a method for controlling a SAR ADC is provided. The SAR
ADC includes a first bit capacitor array and a second bit
capacitor array, where the first bit capacitor array is arranged
to receive a first input signal, where the first bit capacitor array
includes a plurality of first bit capacitors, and at least one of
high first bit capacitors is composed of a plurality of sub-
capacitors, and each sub-capacitor is selectively connected to

25

30

35

40

45

2

a first reference voltage, a second reference voltage or a
common voltage via its corresponding switch; and the second
bit capacitor array is arranged to receive a second input signal,
where the second bit capacitor array includes a plurality of
second bit capacitors, and at least one of high second bit
capacitors is composed of a plurality of sub-capacitors, and
each sub-capacitor is selectively connected to the first refer-
ence voltage, the second reference voltage or the common
voltage via its corresponding switch. The method comprises:
comparing outputs of the first bit capacitor array and the
second bit capacitor array to generate a comparison signal;
determining weight values respectively corresponding to the
first bit capacitors and the second bit capacitors, where a
weight value corresponding to at least one of the high first bit
capacitors is obtained by performing calibration upon the
sub-capacitors of the high first bit capacitors, and a weight
value corresponding to at least one of the high second bit
capacitors is obtained by performing calibration upon the
sub-capacitors of the high second bit capacitors; and gener-
ating a digital output of the SAR ADC according to the
comparison signal and the determined weight values.

According to another embodiment of the present invention,
a SAR ADC includes a first bit capacitor array, a second bit
capacitor array, a comparator and a processing circuit. The
first bit capacitor array is arranged to receive a first input
signal, where the first bit capacitor array includes a plurality
of first bit capacitors, and at least one of high first bit capaci-
tors is composed of a plurality of sub-capacitors. The second
bit capacitor array is arranged to receive a second input signal,
where the second bit capacitor array includes a plurality of
second bit capacitors, and at least one of high second bit
capacitors is composed of a plurality of sub-capacitors. The
comparator is coupled to the first bit capacitor array and the
second bit capacitor array, and is arranged to compare outputs
of the first bit capacitor array and the second bit capacitor
array to generate a comparison signal. The processing circuit
is coupled to the comparator, and is arranged to control
capacitor-switching operations of the first bit capacitor array
and the second bit capacitor array to generate an N-bit digital
output of the SAR ADC according to the comparison signal.
In addition, for each first bit-capacitor of the first bit capacitor
array, the first bit-capacitor whose capacitance is greater than
a redundant capacitance is composed to a plurality of sub-
capacitors, and a capacitance of each sub-capacitor is smaller
than the redundant capacitance, where the redundant capaci-
tance is a difference between a summation of capacitances of
a unit capacitor and the first bit capacitors with 2V times a
capacitance of a least first bit capacitors.

These and other objectives of the present invention will no
doubt become obvious to those of ordinary skill in the art after
reading the following detailed description of the preferred
embodiment that is illustrated in the various figures and draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram illustrating a SAR ADC according to
one embodiment of the present invention.

FIG. 2 is a diagram illustrating the SAR ADC calibrating a
sub-capacitor during a sampling phase according to one
embodiment of the present invention.

FIG. 3 is a diagram illustrating the SAR ADC calibrating a
sub-capacitor during a holding phase according to one
embodiment of the present invention.

FIG. 4 is a diagram illustrating a SAR ADC according to
another embodiment of the present invention.
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FIG. 5 is a diagram illustrating the SAR ADC calibrating a
sub-capacitor during a sampling phase according to one
embodiment of the present invention.

FIG. 6 is a diagram illustrating the SAR ADC calibrating a
sub-capacitor during a holding phase according to one
embodiment of the present invention.

FIG. 7 is a flow chart of a method for controlling a SAR
ADC according to one embodiment of the present invention.

DETAILED DESCRIPTION

In the SAR ADC, the linearity is dependent upon the
matching degree of the bit capacitors (i.e. the degree of dif-
ference between the real capacitance of the bit capacitor with
its designed value described in “Description of the Prior
Art”). Therefore, many bit capacitors must be designed to
have large capacitance to guarantee the accuracy of the bit
capacitors, and large chip area and large power are required.
For example, it may require four times chip area to gain two
times accuracy, therefore, if the requirement of the matching
degree of the bit capacitors can be decreased in half, the chip
area can be largely decreased. Therefore, in order to decrease
the requirement of the matching degree of the bit capacitors,
some calibration mechanisms of the bit capacitors are used in
the SAR ADC to save the capacitor area in the chip and power
consumption, increase the working speed, improve some
quality indicators of the SAR ADC, such as integrated non-
linearity (INL), differential non-linearity (DNL), spurious
free dynamic range (SFRD) and signal-to-noise and distor-
tion ratio (SNDR) . . . etc.

The SAR ADC of the present invention calibrates the bit
capacitors by using complete background calibration method
to obtain weight values of the bit capacitors, where the weight
value is a capacitance ratio between the bit capacitor and a
least bit capacitor. Particularly, in the present invention, the
operations of the SAR ADC will not stop when the bit capaci-
tors calibration process is performed, and the temperature
variation and component aging issue can be adaptively
adjusted, therefore, the SAR ADC of the present invention
can not only largely improve linearity and dynamic charac-
teristic but consider the working efficiency.

In addition, the bit capacitors of the SARADC use the
redundant capacitance design rather than the conventional
binary weighted capacitors design. Taking N bit SAR ADC as
an example, the term “redundant capacitance” is defined as a
difference between a summation of capacitances of a unit
capacitor and the bit capacitors with 2V times a capacitance
of a least bit capacitor, and in the preferred embodiment N is
apositive integer. In addition, in the SAR ADC of the present
invention, a portion of high bit capacitor(s) is divided into a
plurality of sub-capacitors, and the capacitance of each sub-
capacitor is less than the redundant capacitance. Therefore,
the SAR ADC does not need to limit the swing of the input
signal when the background calibration is performed, that is
a full swing input signal is allowed to increase the voltage
range to be processed. The detailed implementation of the
SAR ADC of the present invention is described as follows.

Please refer to FIG. 1, which is a diagram illustrating a
SAR ADC 100 according to one embodiment of the present
invention. As shown in FIG. 1, the SAR ADC 100 comprises
afirst bit capacitor array 110, a second bit capacitor array 120,
a comparator 130, a multiplier 140, a processing circuit 150,
and two unit capacitors CP00 and CN00. The first bit capaci-
tor array 110 comprises a plurality of bit capacitors CP0-
CP13, each of the bit capacitors CP0-CP13 is selectively
connected to a first reference voltage Vrefp, a second refer-
ence voltage Vrefn or a common voltage V ., via a switch,
and each of the bit capacitors CP10-CP13 are divided into a
plurality of sub-capacitors (e.g. the bit capacitor CP13 shown
inFIG. 1 s divided into sub-capacitors CP, 5 , CP 5 ,,CP, 5 5,
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CP,5 3, CP,;4), and each of the sub-capacitors is indepen-
dently connected to the first reference voltage Vrefp, the
second reference voltage Vrefn or the common voltage V,,
via a switch. The second bit capacitor array 120 comprises a
plurality of bit capacitors CN0-CN13, each of the bit capaci-
tors CN0O-CN13 is selectively connected to the first reference
voltage Vrefp, the second reference voltage Vrefn or the
common voltage V -, ,via a switch, and each of the bit capaci-
tors CN10-CN13 are divided into a plurality of sub-capacitors
(e.g. the bit capacitor CN13 shown in FIG. 1 is divided into
sub-capacitors CN 5 5, CN 5 ;, CN5 5, CN 5 3/CN, 5 ), and
each of the sub-capacitors is independently connected to the
first reference voltage Vrefp, the second reference voltage
Vrefn or the common voltage V,, via a switch. In one
embodiment, the first reference voltage Vrefp is a positive
reference voltage, the second reference voltage Vrefn is a
negative reference voltage, and the first reference voltage
Vrefp and the second reference voltage Vrefn are symmetric
with the common voltage V,,, that is V,~0.5%(Vrefp+
Vrefn). In addition, all the switches shown in FIG. 1 are
controlled by a plurality of control signals V¢ generated from
the processing circuit 150.

In this embodiment, the SAR ADC 100 is a 12-bit SAR
ADC, that is the SAR ADC 100 receives a first input signal
Vip and a second input signal Vin to generate a 12-bit digital
output Dout. In one embodiment, the first input signal Vip is
a positive input voltage, the second input signal Vin is a
negative input voltage, and the first input signal Vip and the
second input signal are symmetric with a voltage level. In
addition, although each of the first bit capacitor array 110 and
the second bit capacitor array 120 shown in FIG. 1 has four-
teen bit capacitors, in other designs quantity of the bit capaci-
tors included in each of the first bit capacitor array 110 and the
second bit capacitor array 120 may be twelve or thirteen or
fifteen and so on, these alternative designs shall fall within the
scope of the present invention.

In this embodiment, assuming that the SAR ADC 100 is a
N-bit SAR ADC (in the embodiment shown in FIG. 1, N is
equal to 12), quantity of the bit capacitors included in each of
the first bit capacitor array 110 and the second bit capacitor
array 120 is P (in the embodiment shown in FIG. 1, P is equal
to 14), where P needs to be greater than (N-1). The bit
capacitors are represented by C0, C1, C2, ..., C(P-1) in the
following description (corresponding to CNO0-CN13 and
CP0-CP13 shown in FIG. 1), where C0 is a least bit capacitor,
and the capacitance of each of the other bit capacitors (i.e.
C1-C(P-1)) is an integral multiples of C0. In addition, in this
embodiment a portion of high bit capacitors are divided into
several sub-capacitors, for example the bit capacitor Ci is
divided into M sub-capacitors, that is

In addition, in a preferred embodiment, the design for the bit
capacitors need to satisfy the following conditions:

J=i=1
Ci<C00+ Z Cill=i=P-1),
=0

®

that is for each bit capacitor, its capacitance is not greater than
a summation of capacitances of the unit capacitor and all the
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lower bit capacitors, where the unit capacitor CP00/CN00
and the capacitor CP0/CN0 may have the same capacitance;

J=P-1
co+ Y =2 x,
=0

@

that is a summation of capacitances of a unit capacitor and all
the bit capacitors is not lower than 2! times a capacitance
of a least bit capacitor;

(3)
cj+ 0 -2Vt xco,

that is the capacitance of each sub-capacitor is less than a
redundant capacitance, where the redundant capacitance is
defined as a difference between a summation of capacitances
of a unit capacitor and all the bit capacitors with 24" times
a capacitance of a least bit capacitor, that is the redundant
capacitance is defined as

j=P-1
Cj+ €0 -2""1xco.
=0

Inthe above-mentioned symbols, C0 is the least bit capacitor,
Ci is the bit capacitor within the first bit capacitor array 110 or
the second bit capacitor array 120.

Referring to the above-mentioned three conditions, the bit
capacitors within the first bit capacitor array 110 or the second
bit capacitor array 120 can be designed to have the capaci-
tances as follows, where the unit of the capacitances in Table
11s CO:

TABLE 1

C13 C12 Cl1 C10 c9 cg C7
Ci 896 512 384 256 136 68 40
Jmict 1449 937 553 297 161 93 53

Co + Z Cj

=0

C6 Ccs c4 c3 c2 €1 Co  Coo
Ci 24 12 8 4 2 1 1 1

29 17 9 5 3 2 1

Jj=i-1

C0+ Z Cj
=0

In Table 1, the redundant capacitance is

j=P-1
CJ'+C0—2N71 X Co
J=0

Therefore, the capacitances of the divided sub-capacitors
need to be less than 297*C0. Table 2 shows an example of
dividing the capacitors C13, C12, C11 and C10 (C13, C12,
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C11 and C10 correspond to CN13/CP13, CN12/CP12, CN11/
CP11 and CN10/CP10, respectively), where the unit of the
capacitances in Table 2 is C0:

TABLE 2
Ciap Ciza Cian Cias Ciaa
C,; 192 192 192 192 128
Ci C13 =896
Crap Cio Cian Cuo Ciia Cioo Cion
C,; 192 192 128 192 192 128 128
Ci Cl12=512 Cl1=1384 C10 =256

In this embodiment, because the redundant capacitance is
297*C0, therefore, the bit capacitor whose capacitance lower
than 297*C0 does not need be divided, but the operations of
the SAR ADC 100 will not be influenced even if the bit
capacitor whose capacitance lower than 297*C0 is divided
into several sub-capacitors. For example, the capacitance of
the bit capacitor C10 is equal to 256*C0, therefore, the bit
capacitor C10 may not be divided into two sub-capacitors
Cio0and Cy, ; in other embodiment.

In addition, in one embodiment, the sub-capacitors
included in a bit capacitor are suggested to have the same
capacitance. In a preferred embodiment, all the sub-capaci-
tors included in a bit capacitor have the same capacitance,
such as the bit capacitors C11 and C10 shown in Table 2.

Itis noted that the capacitances shown in Table 1 and Table
2 are designed values, that is ideal capacitances of the bit
capacitors of the SAR ADC 100. However, in practice, the
capacitances of the bit capacitors of the SAR ADC 100 may
be different from their designed value due to semiconductor
process variation, environment temperature variation or
asymmetry/mismatch issue. Therefore, the processing circuit
150 needs to calibrate these bit capacitors to obtain the real
capacitances. In the following description, Wi is a ratio
between the bit capacitor Ci and the least bit capacitor CO (Wi
is also a value of each bit capacitor in the above Table 1), that
is Wi=Ci/C0; and W, ,is a ratio between the sub-capacitor C, ;
and the least bit capacitor C0, that is W, =C, /C0; and the
processing circuit 150 is used to calculate an real weight value
of each bit capacitor Ci.

Please refer to FIG. 2 and FIG. 3, which is a diagram
illustrating the SAR ADC 100 calibrating a sub-capacitor
according to one embodiment of the present invention, where
FIG. 2 shows a sampling phase, and FIG. 3 shows a holding
phase. Please refer to FIG. 2 first, in the sampling phase, the
switch CKS is switched on, and the first input signal Vip and
the second input signal Vin are sampled on nodes V -, and
V casns respectively. Assuming that the sub-capacitors CP, 5 »
and CN,;, are calibrated, and when a pseudo random
sequence K is equal to “17, the nodes of the sub-capacitors
CP,;,and CN,; , are connected to the second reference volt-
age Vrefn and the first reference voltage Vrefp, respectively;
and when the pseudo random sequence K is equal to “~1”, the
nodes of the sub-capacitors CP, ; , and CN|; , are connected
to the first reference voltage Vrefp and the second reference
voltage Vrefn, respectively. In addition, the nodes of all the
other bit capacitor and sub-capacitors not relating to this
calibration are connected to the common voltage V -,,.

After the sampling phase is finished, the SAR ADC 100
enters the holding phase. In the holding phase, the switch
CKS is switched off, and the nodes of the sub-capacitors
CP,;,and CN,; , are connected to the common voltage V .
Therefore, the dithering signal (i.e. K*W,; ,) is added into
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the input signal. Then, the input signal added by the dithering
signal is quantized by the SAR ADC 100, and the quantized
digital code is multiplied by the pseudo random sequence K,
then the weight value W ; , can be obtained by calculate an
average of the aggregation of the quantized digital code is
multiplied by the pseudorandom sequence K.

Method for determining the weight value W, , of the
sub-capacitor C,;, is as follows: assuming that the input
signal is represented by VIN, where VIN=Vip-Vin, and
assuming that the digital output of the SAR ADC 100 is
represented by DIN, where VIN=DIN+Q,, and Q,,is a quan-
tization error. Because the input signal is added by the dith-
ering signal, that is VIN+(K*W, ,), and pseudo random
sequence K is “1” or “~17, at this time the digital output of the
SAR ADC 100 is represented by Dout, the equation becomes
VIN+(K*W 5 ,)=Dout+Q,. Then, the digital output Dout is
multiplied by K, and the result is performed by the aggrega-
tion and average operation as follows:

R Dou=K VINTI,; ;K Oy =K VIN+I7 3 -
K-On=W 3 5%e

Ifthe pseudorandom sequence K is long enough, the value “e”
will approach zero, and the weight value W,;, can be
obtained.

By using the same calculating steps, the weight values of
the other sub-capacitors C, 5 o, C, 5 ;, . . . of the SAR ADC 100
can be obtained. In the following operations ofthe SAR ADC
100, the divided sub-capacitors are used as a whole, thatis the
sub-capacitors C,; o, C5 1, C35, Cy3 3, Cp;5 4 are controlled
as a single bit capacitor C13. As for the following switched
capacitor control, similar to the conventional SAR ADC, the
switched capacitor control is depends on an output of the
comparator 130 to achieve the negative feedback conver-
gence. Because a person skilled in this art should understand
these operations of the SAR ADC, details about the switched
capacitor control of the SAR ADC is omitted here.

In addition, in this embodiment, all the sub-capacitors are
calibrated all the time to update their weight values, and the
processing circuit 150 generates the digital output by using
the updated weight values. In another embodiment of the
present invention, the sub-capacitors are calibrated during a
period after the SAR ADC 100 starts to work, and the cali-
bration steps can be stopped when the weight values of the
sub-capacitors are stabilized. These alternative designs shall
fall within the scope of the present invention.

In addition, the digital output Dout generate from the pro-
cessing circuit 150 can be calculated by the following formula
(not a limitation of the present invention):

i=P-1
Doy =
i=0

Wooiot - (2B — 1)+ bpyy + 2V =14 Qy,

where bi is the i code output by the comparator 130, P is a
quantity of the bit capacitors within the first bit capacitor
array 110 (in FIG. 1, P=14), and Q, is quantization error.
Please refer to FIG. 4, which is a diagram illustrating a
SAR ADC 400 according to one embodiment of the present
invention. As shown in FIG. 4, the SAR ADC 400 comprises
afirst bit capacitor array 410, a second bit capacitor array 420,
a comparator 430, a multiplier 440, a processing circuit 450,
and two unit capacitors CP00 and CN00. The first bit capaci-
tor array 410 comprises a plurality of bit capacitors CP0-
CP13, each of the bit capacitors CP0-CP13 is selectively
connected to a first input signal Vip, a first reference voltage
Vrefp, a second reference voltage Vrefn or a common voltage
V car Via a switch, and each of the bit capacitors CP12-CP13
are divided into a plurality of sub-capacitors (e.g. the bit
capacitor CP13 shown in FIG. 4 is divided into sub-capacitors
CPy30,CP; 1, CP 5 5, CP, 5 5), and each of the sub-capacitors
is independently connected to the first input signal Vip, the
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first reference voltage Vrefp, the second reference voltage
Vrefn or the common voltage V ., , via a switch. The second
bit capacitor array 420 comprises a plurality of bit capacitors
CNO0-CN13, each of the bit capacitors CN0-CN13 is selec-
tively connected to a second input signal Vin, the first refer-
ence voltage Vrefp, the second reference voltage Vrefn or the
common voltage V -, ,via a switch, and each of the bit capaci-
tors CN12-CN13 are divided into a plurality of sub-capacitors
(e.g. the bit capacitor CN13 shown in FIG. 4 is divided into
sub-capacitors CN; 5, CN 5, CN 5 5, CN 5 5), and each of
the sub-capacitors is independently connected to the second
input signal Vin, the first reference voltage Vrefp, the second
reference voltage Vrefn or the common voltage V,, via a
switch. In addition, all the switches shown in FIG. 4 are
controlled by a plurality of control signals V¢ generated from
the processing circuit 450.

In this embodiment, the SAR ADC 400 is a 12-bit SAR
ADC, that is the SAR ADC 400 receives a first input signal
Vip and a second input signal Vin to generate a 12-bit digital
output Dout. In addition, although each of the first bit capaci-
tor array 410 and the second bit capacitor array 420 shown in
FIG. 4 has fourteen bit capacitors, in other designs quantity of
the bit capacitors included in each of the first bit capacitor
array 410 and the second bit capacitor array 420 may be
twelve or thirteen or fifteen and so on, these alternative
designs shall fall within the scope of the present invention.

In this embodiment, assuming that the SAR ADC 400 is a
N-bit SAR ADC (in the embodiment shown in FIG. 4, N is
equal to 12), quantity of the bit capacitors included in each of
the first bit capacitor array 410 and the second bit capacitor
array 420 is P (in the embodiment shown in FI1G. 4, P is equal
to 14), where P needs to be greater than (N-1). The bit
capacitors are represented by C0, C1, C2, ..., C(P-1) in the
following description (corresponding to CNO0-CN13 and
CP0-CP13 shown in FIG. 4), where C0 is a least bit capacitor,
and the capacitance of each of the other bit capacitors (i.e.
C1-C(P-1)) is an integral multiples of C0. In addition, in this
embodiment a portion of high bit capacitors are divided into
several sub-capacitors, for example the bit capacitor Ci is
divided into M sub-capacitors, that is

=M-1
Ci= Cij-

par

.

In addition, in a preferred embodiment, the design for the bit
capacitors need to satisfy the following conditions:

J=i=1
Ci<C00+ Z Cill=i=P-1),
=0

®

that is for each bit capacitor, its capacitance is not greater than
a summation of capacitances of the unit capacitor and all the
lower bit capacitors;

J=P-1
co+ Y ¢j=2""xc,
=0

@

that is a summation of capacitances of a unit capacitor and all
the bit capacitors is not lower than 2%¥°! times a capacitance
of a least bit capacitor;

Jj=P-1
G = Ccj+c0-2""1xco,
=0

®

that is the capacitance of each sub-capacitor is less than a
redundant capacitance, where the redundant capacitance is
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defined as a difference between a summation of capacitances
of a unit capacitor and all the bit capacitors with 241 times
a capacitance of a least bit capacitor, that is the redundant
capacitance is defined as

j=P-1
Cj+ €0 -2""1xco.
J=0

Inthe above-mentioned symbols, C0 is the least bit capacitor,
Ci is the bit capacitor within the first bit capacitor array 410 or
the second bit capacitor array 420.

Referring to the above-mentioned three conditions, the bit
capacitors within the first bit capacitor array 410 or the second
bit capacitor array 420 can be designed to have the capaci-
tances as follows, where the unit of the capacitances in Table
3is CO:

TABLE 3

C13 C12 Cll Clo ¢9  C8 C7
ci 1024 512 256 256 128 64 32
i 1297 785 529 273 145 81 49

Co+ ). C

=0

c6 €5 C4 3 €2 Cl CO COo
ci 16 16 8 4 2 111

33 17 9 s 3 21

Jj=i-1

Co+ Z C;
=0

In Table 3, the redundant capacitance is

j=P-1
CJ'+C0—2N71 X Coy
J=0

=273*C0. Therefore, the capacitances of the divided sub-
capacitors need to less than 273*C0. Table 4 shows an
example of dividing the capacitors C13 and C12 (C13 and
C12 correspond to CN13/CP13 and CN12/CP12, respec-
tively), where the unit of the capacitances in Table 4 is CO0:

TABLE 4
Cispo Ciza Cisn Ciss Cio Ciay
C;; 256 256 256 256 256 256
Ci C13=1024 Cl12=512

In this embodiment, because the redundant capacitance is
273*C0, therefore, the bit capacitor whose capacitance lower
than 273*C0 does not need be divided, but the operations of
the SAR ADC 400 will not be influenced even if the bit
capacitor whose capacitance lower than 273*C0 is divided
into several sub-capacitors.

In addition, in one embodiment, the sub-capacitors
included in a bit capacitor are suggested to have the same
capacitance. In a preferred embodiment, all the sub-capaci-
tors included in a bit capacitor have the same capacitance,
such as the bit capacitors C13 and C12 shown in Table 4.
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Itis noted that the capacitances shown in Table 3 and Table
4 are designed values, that is ideal capacitances of the bit
capacitors of the SAR ADC 400. However, in practice, the
capacitances of the bit capacitors of the SAR ADC 400 may
be different from their designed values due to semiconductor
process variation, environment temperature variation or
asymmetry/mismatch issue. Therefore, the processing circuit
450 needs to calibrate these bit capacitors to obtain the real
capacitances. In the following description, Wi is a ratio
between the bit capacitor Ci and the least bit capacitor CO (Wi
is also a value of each bit capacitor in the above Table 1), that
is Wi=Ci/C0; and W,  is a ratio between the sub-capacitor C,
and the least bit capacitor CO, that is W, =C, /C0; and the
processing circuit 450 is used to calculate an real weight value
of each bit capacitor Ci.

Please refer to FIG. 5 and FIG. 6, which is a diagram
illustrating the SAR ADC 400 calibrating a sub-capacitor
according to one embodiment of the present invention, where
FIG. 5 shows a sampling phase, and FIG. 6 shows a holding
phase. Please refer to FIG. 5 first, in the sampling phase, the
switch CKS is switched on, and the common voltage V -, ,are
sampled on nodes V., » and V ., ., respectively. Assuming
that the sub-capacitors CP, ; , and CN|; , are calibrated, and
when a pseudorandom sequence K is equal to “1”, the nodes
of the sub-capacitors CP, ; , and CN|; , are connected to the
second reference voltage Vrefh and the first reference voltage
Vrefp, respectively, and the nodes of the other bit capacitors
within the first bit capacitor array 410 are connected to the
first input signal Vip, and the nodes of the other bit capacitors
within the second bit capacitor array 420 are connected to the
second input signal Vin; and when the pseudorandom
sequence K is equal to “~1”, the nodes of the sub-capacitors
CP,;,and CN|; , are connected to the first reference voltage
Vrefp and the second reference voltage Vrefn, respectively,
and the nodes of the other bit capacitors within the first bit
capacitor array 410 are connected to the first input signal Vip,
and the nodes of the other bit capacitors within the second bit
capacitor array 420 are connected to the second input signal
Vin.

After the sampling phase is finished, the SAR ADC 400
enters the holding phase shown in FIG. 6. In the holding
phase, the switch CKS is switched off, and the nodes of the
sub-capacitors CP,; , and CN;, and the nodes of all the
other bit capacitors and sub-capacitors are connected to the
common voltage V,,. Therefore, the dithering signal (i.e.
K*W, ; ,)is added into the input signal. Then, the input signal
added by the dithering signal is quantized by the SAR ADC
400, and the quantized digital code is multiplied by the pseu-
dorandom sequence K, then the weight value W5 , can be
obtained by calculate an average of the aggregation of the
quantized digital code is multiplied by the pseudorandom
sequence K.

Method for determining the weight value W, , of the
sub-capacitor C,; , is as follows: assuming that the input
signal is represented by VIN, where VIN=Vip-Vin, and
assuming that the digital output of the SAR ADC 400 is
represented by DIN, where VIN=DIN+Q,, and Q,,is a quan-
tization error. Because the input signal is added by the dith-
ering signal, that is VIN+(K*W, ), and pseudo random
sequence K is “1” or “~17, at this time the digital output of the
SAR ADC 400 is represented by Dout, the equation becomes
VIN+(K*W, ; ,)=Dout+Q,,. Then, the digital output Dout is
multiplied by K, and the result is performed by the aggrega-
tion and average operation as follows:

K-Dout=K-VIN+W 5 ,-K- Q=K VIN+W 3 -
K-O=Wy3te
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Ifthe pseudorandom sequence K is long enough, the value “e”
will approach zero, and the weight value W,;, can be
obtained.

By using the same calculating steps, the weight values of
the other sub-capacitors C,; 4, C5 |, . . .of the SAR ADC 400
can be obtained. In the following operations ofthe SAR ADC
400, the divided sub-capacitors are used as a whole, thatis the
sub-capacitors C 5 4, Cj5,, C5,, Cy5 5 are controlled as a
single bit capacitor C13. As for the following switched
capacitor control, similar to the conventional SAR ADC, the
switched capacitor control is depends on an output of the
comparator 430 to achieve the negative feedback conver-
gence. Because a person skilled in this art should understand
these operations of the SAR ADC, details about the switched
capacitor control of the SAR ADC is omitted here.

In addition, in this embodiment, all the sub-capacitors are
calibrated all the time to update their weight values, and the
processing circuit 450 generates the digital output by using
the updated weight values. In another embodiment of the
present invention, the sub-capacitors are calibrated during a
period after the SAR ADC 400 starts to work, and the cali-
bration steps can be stopped when the weight values of the
sub-capacitors are stabilized. These alternative designs shall
fall within the scope of the present invention.

In addition, the digital output Dout generate from the pro-
cessing circuit 450 can be calculated by the following formula
(not a limitation of the present invention):

i

Doy =

1
Wo i1 - (b1 — D) +bpey +2V7 14 Qp,

—P—
i=0

where bi (from b, to b,,,) is the i” code output by the com-
parator 430, P is a quantity of the bit capacitors within the first
bit capacitor array 410 (in FIG. 4, P=14), and Q,, is quanti-
zation error.

Please refer to FIG. 7, which is a flow chart of a method for
controlling a SAR ADC according to one embodiment of the
present invention. Referring to the above description about
FIG. 1 and FIG. 4, the flow shown in FIG. 7 is as follows:

Step 700: Provide a SAR ADC including a first bit capaci-
tor array and a second bit capacitor array, where the first bit
capacitor array is arranged to receive a first input signal,
where the first bit capacitor array includes a plurality of first
bit capacitors, and at least one of high first bit capacitors is
composed of a plurality of sub-capacitors, and each sub-
capacitor is selectively connected to a first reference signal, a
second reference signal or a common voltage via its corre-
sponding switch; and the second bit capacitor array is
arranged to receive a second input signal, where the second
bit capacitor array includes a plurality of second bit capaci-
tors, and at least one of high second bit capacitors is com-
posed of a plurality of sub-capacitors, and each sub-capacitor
is selectively connected to the first reference signal, the sec-
ond reference signal or the common voltage via its corre-
sponding switch.

Step 702: Compare outputs of the first bit capacitor array
and the second bit capacitor array to generate a comparison
signal.

Step 704: Determine weight values of the first bit capaci-
tors or the second bit capacitors according to the comparison
signal.

Step 706: Generate a digital output of the SAR ADC
according to the comparison signal and the determined
weight values.
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Inlight ofabove, the SAR ADC of the present invention has
the following advantages: (1) the bit capacitors of the SAR
ADC is executed by a complete background calibration, and
the working speed ofthe SAR ADC will not be influenced; (2)
the capacitors to be calibrated can continue to join the opera-
tions of the SAR ADC, and the main operations of the SAR
ADC of the present invention are the same as the conventional
art, therefore the design complexity will not increase too
much; (3) inthe SAR ADC of the present invention, all the bit
capacitors whose capacitance is greater than a redundant
capacitance are divided into sub-capacitors, and because
these sub-capacitors are within a redundant range for a coding
of the SAR ADC, it is not needed to limit the swing of the
input signal, that is a full swing input signal is allowed, and
the dithering signal added to the input signal can be solved by
the redundancy; (4) all the sub-capacitors can be sequentially
calibrated, therefore, the calibration circuit within the pro-
cessing circuit can be shared to save the chip area.

Those skilled in the art will readily observe that numerous
modifications and alterations of the device and method may
be made while retaining the teachings of the invention.
Accordingly, the above disclosure should be construed as
limited only by the metes and bounds of the appended claims.

What is claimed is:

1. A successive approximation register analog-to-digital

converter (SAR ADC), comprising:

a first bit capacitor array, for receiving a first input signal,
wherein the first bit capacitor array comprises a plurality
of first bit capacitors, and at least one of high first bit
capacitors is composed of a plurality of sub-capacitors,
and each sub-capacitor is selectively connected to a first
reference voltage, a second reference voltage or a com-
mon voltage via its corresponding switch;

a second bit capacitor array, for receiving a second input
signal, wherein the second bit capacitor array includes a
plurality of second bit capacitors, and at least one of high
second bit capacitors is composed of a plurality of sub-
capacitors, and each sub-capacitor is selectively con-
nected to the first reference voltage, the second reference
voltage or the common voltage via its corresponding
switch;

a comparator, coupled to the first bit capacitor array and the
second bit capacitor array, for comparing outputs of the
first bit capacitor array and the second bit capacitor array
to generate a comparison signal; and

a processing circuit, coupled to the comparator, for con-
trolling capacitor-switching operations of the first bit
capacitor array and the second bit capacitor array to
generate a digital output of the SAR ADC;

wherein during a period that the SAR ADC receives the
first input signal and the second input signal to generate
the digital output, the processing circuit calibrates the
sub-capacitors of at least one of the high first bit capaci-
tors of the first bit capacitor array to generate a plurality
of weight values of the sub-capacitors, and the process-
ing circuit determines a weight value of the at least one
of the high first bit capacitors of the first bit capacitor
array according to the weight values of the sub-capaci-
tors; and the processing circuit calibrates the sub-capaci-
tors of at least one of the high second bit capacitors of the
second bit capacitor array to generate a plurality of
weight values of the sub-capacitors, and the processing
circuit determines a weight value of the at least one of
the high second bit capacitors of the second bit capacitor
array according to the weight values of the sub-capaci-
tors.
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2. The SAR ADC of claim 1, wherein capacitances of all
the sub-capacitors of the one of the high first bit capacitors of
the first bit capacitor array are the same.
3. The SAR ADC of claim 1, wherein the SAR ADC is an
N-bit SAR ADC, the first bit capacitors are not binary
weighted capacitors; and for each first bit capacitor, its
capacitance is not greater than a summation of capacitances
of all the lower bit capacitors, and a summation of capaci-
tances of a unit capacitor and all the first bit capacitors is not
lower than 2% times a capacitance of a least first bit capaci-
tor.
4. The SAR ADC of claim 3, wherein in the first bit capaci-
tor array, any first bit capacitor whose capacitance is greater
than a redundant capacitance is composed of a plurality of
sub-capacitors, and a capacitance of each sub-capacitor is less
than the redundant capacitance, where the redundant capaci-
tance is a difference between the summation of the capaci-
tances of the unit capacitor and all the first bit capacitors with
21 times the capacitance of the least bit capacitor.
5. The SAR ADC of claim 4, wherein during a period that
the SAR ADC receives the first input signal and the second
input signal to generate the digital output, the processing
circuit calibrates the sub-capacitors of at least one of the high
first bit capacitors of the first bit capacitor array to generate a
plurality of weight values of the sub-capacitors, and the pro-
cessing circuit determines a weight value of the at least one of
the high first bit capacitors of the first bit capacitor array
according to the weight values of the sub-capacitors; and the
processing circuit calibrates the sub-capacitors of at least one
of the high second bit capacitors of the second bit capacitor
array to generate a plurality of weight values of the sub-
capacitors, and the processing circuit determines a weight
value ofthe at least one of the high second bit capacitors of the
second bit capacitor array according to the weight values of
the sub-capacitors.
6. The SAR ADC of claim 1, wherein the SAR ADC allows
the first input signal and the second input signal to have full
swing.
7. A method for controlling a successive approximation
register analog-to-digital converter (SAR ADC), wherein the
SAR ADC comprises:
a first bit capacitor array, for receiving a first input signal,
wherein the first bit capacitor array comprises a plurality
of first bit capacitors, and at least one of high first bit
capacitors is composed of a plurality of sub-capacitors,
and each sub-capacitor is selectively connected to a first
reference voltage, a second reference voltage or a com-
mon voltage via its corresponding switch; and
a second bit capacitor array, for receiving a second input
signal, wherein the second bit capacitor array includes a
plurality of second bit capacitors, and at least one of high
second bit capacitors is composed of a plurality of sub-
capacitors, and each sub-capacitor is selectively con-
nected to the first reference voltage, the second reference
voltage or the common voltage via its corresponding
switch; and
the method comprises:
comparing outputs of the first bit capacitor array and the
second bit capacitor array to generate a comparison
signal;

determining weight values of each first bit capacitors or
each second bit capacitors according to the compari-
son signal;

generating a digital output of the SAR ADC according to
the comparison signal and the determined weight val-
ues;
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during a period that the SAR ADC receives the first input
signal and the second input signal to generate the
digital output, calibrating the sub-capacitors of at
least one of the high first bit capacitors of the first bit
capacitor array to generate a plurality of weight values
of the sub-capacitors, and determining a weight value
of'the at least one of the high first bit capacitors of the
first bit capacitor array according to the weight values
of the sub-capacitors; and

calibrating the sub-capacitors of at least one of the high
second bit capacitors of the second bit capacitor array
to generate a plurality of weight values of the sub-
capacitors, and the determining a weight value of the
at least one of the high second bit capacitors of the
second bit capacitor array according to the weight
values of the sub-capacitors.

8. The method of claim 7, wherein capacitances of all the
sub-capacitors of the one of the high first bit capacitors of the
first bit capacitor array are the same.

9. The method of claim 7, wherein the SAR ADC is an
N-bit SAR ADC, the first bit capacitors are not binary
weighted capacitors; and for each first bit capacitor, its
capacitance is not greater than a summation of capacitances
of all the lower bit capacitors, and a summation of capaci-
tances of a unit capacitor and all the first bit capacitors is not
lower than 2%~V times a capacitance of a least first bit capaci-
tor.

10. The method of claim 9, wherein in the first bit capacitor
array, any first bit capacitor whose capacitance is greater than
a redundant capacitance is composed of a plurality of sub-
capacitors, and a capacitance of each sub-capacitor is less
than the redundant capacitance, where the redundant capaci-
tance is a difference between the summation of the capaci-
tances of the unit capacitor and all the first bit capacitors with
2?1 times the capacitance of the least bit capacitor.

11. The method of claim 7, wherein each of the first input
signal and the second input signal is allowed to have full
swing.

12. A successive approximation register analog-to-digital
converter (SAR ADC), comprising:

a first bit capacitor array, for receiving a first input signal,
wherein the first bit capacitor array comprises a plurality
of first bit capacitors, and at least one of high first bit
capacitors is composed of a plurality of sub-capacitors;

a second bit capacitor array, for receiving a second input
signal, wherein the second bit capacitor array includes a
plurality of second bit capacitors, and at least one of high
second bit capacitors is composed of a plurality of sub-
capacitors;

a comparator, coupled to the first bit capacitor array and the
second bit capacitor array, for comparing outputs of the
first bit capacitor array and the second bit capacitor array
to generate a comparison signal; and

a processing circuit, coupled to the comparator, for con-
trolling capacitor-switching operations of the first bit
capacitor array and the second bit capacitor array to
generate an N-bit digital output of the SAR ADC;

wherein in the first bit capacitor array, any first bit capacitor
whose capacitance is greater than a redundant capaci-
tance is composed of a plurality of sub-capacitors, and a
capacitance of each sub-capacitor is less than the redun-
dant capacitance, where the redundant capacitance is a
difference between a summation of capacitances of a
unit capacitor and all the first bit capacitors with 24V
times a capacitance of a least bit capacitor.

13. The SAR ADC of claim 12, wherein the first bit capaci-

tors are not binary weighted capacitors; and for each first bit
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capacitor, its capacitance is not greater than a summation of
capacitances of all the lower bit capacitors, and the summa-
tion of the capacitances of the unit capacitor and all the first
bit capacitors is not lower than 2! times the capacitance of
the least first bit capacitor. 5
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